A 7500 bp PstI restriction fragment of chromosomal DNA from Micrococcus luteus containing a 23s rRNA gene was cloned in vector pHE3 in E. coli RR 28 (the recombinant plasmid was
designated pAR1). A recombinant phage (PARS) hybridizing to all eubacteria tested was constructed by shotgun subcloning of the PstI fragment in phage M13mp8. Further subcloning of the fragments of the 23s rRNA gene in the vectors pTZ18R and pTZ19R using selected restriction sites of the gene enabled us to select cloned fragments of the 23s rRNA gene representing different specificities. Probes specific for Micrococcus luteus-Micrococcus lylae (pAR28), for the Arthrobacter-Micrococcus group (pAR27), for eubacteria (PARS), and for the detection of eu-and archaebacteria (the so-called universal probe pARl7) were constructed. The specificity of each probe was anaiysed by dot hybridization to the chromosomal DNAs of representatives of most of the main phyla of eu-and archaebacteria.
I N T R O D U C T I O N
During the last few years specific DNA probes have gained importance in different fields, for example for the detection of bacterial and viral infections, the diagnosis of inherited diseases and genetic DNA fingerprinting for forensic applications. Specific probe hybridization techniques allow rapid analysis of pure and mixed cultures. It should also be possible to identify organisms that are difficult or impossible to cultivate. Ribosomal RNA genes are especially useful for the construction of specific DNA probes for various groups such as the Pseudomonas JIuorescens group (Festl et al., 1986) , legionellas (Edelstein, 1986) , members of the genus Proteus (Haun & Gobel, 1987) and mycoplasmas .
To date the sequence comparison of 16s rRNA is the best way to reveal close and distant phylogenetic relationships. Cataloguing and full sequence data and some 23s rRNA total sequences have revealed that rRNA genes are composed of regions exhibiting different degrees of sequence conservation. Since these regions are longer and more distinct in the 23s rRNA than in the smaller 16s rRNA we chose a 23s rRNA gene for the construction of probes specific for close and distant relationships. Probes specific for Micrococcus luteus-Micrococcus lylae, for the Arthrobacter-Micrococcus group, for eubacteria and a universal probe have been constructed from a cloned 23s rRNA gene of M . luteus.
containing (g 1-I): peptone from meat ( 5 ) ; peptone from casein ( 5 ) ; yeast extract (1); meat extract ( 5 ) ; NaH,PO, (2); Tween 80 (1); cysteine ( 5 ) ; glucose ( 5 ) (pH 7.0).
Cells of Chondromyces apiculatus, Cytophaga lytica, 'Deinobacter' species, flavobacteria, Nannocystis exedens and Leucorhrrx mucor were gifts from H. Reichenbach (Braunschweig, FRG) . Methanococcus vannielii cells were a gift from H. Mark1 (Miinchen, FRG). Cells of Pyrococcusfuriosus and Thermotoga maritima were gifts from K.-0. Stetter (Regensburg, FRG). Cells, chromosomal DNAs and filter-bound chromosomal DNAs of the remaining archaebacteria were gifts from W . Zillig and H. Klenk (Martinsried, FRG) . Chromosomal DNAs of Nocardiopsis dassont*illei, Stomatococcus mucilaginosus, streptomycetes, and Streptosporangium roseurn were gifts from E. Stackebrandt (Kiel, FRG) .
Isolation and labelling of rRNA. The rRNAs were isolated according to the method of Stackebrandt et al. (1981) and labelled with [ Y -~~P I A T P (New England Nuclear) using T4 polynucleotide kinase (BRL) as described previously (Schleifer et al., 1985) .
Isolation of chromosomal DNA. This was done by the method of Marmur (1961) with the modifications described by Meyer & Schleifer (1975 , 1978 .
Molecular cloning of 23s rRNA genes. The identification, isolation and cloning of the 23s rDNA containing restriction fragments of chromosomal DNA from M . luteus in the vector pHE3 (Hennecke et al., 1982) in E. coli RR28 as well as the identification of the rDNA clones by Southern hybridization (Southern, 1975) (1977) . The sequencing primers were purchased from Boehringer, the M 13 Sequencing Reagent Kit from BRL and the [ c~-~* P ]~A T P from New England Nuclear. The isolation of single strand M 13 phage DNA and the following sequencing reaction were done as described by Messing (1983) . For the extraction of pTZ plasmid DNA, the rapid alkaline lysis procedure (Maniatis et al., 1982) and the double strand sequencing method as described by Chen & Seeburg (1985) were used.
Labelling of the probes. The probes cloned in the sequencing vectors M13mp8 or pTZ were labelled with [ I Z -~~P ]~A T P (New England Nuclear), by primer elongation according to the sequencing method (see above) in the absence of dideoxy nucleotides. The labelled DNA was separated from the free dATP by Elutip-d column chromatography (Schleicher and Schuell).
Hybridizations. For phage dot hybridization the phage supernatants were spotted onto a nylon membrane (ZetaProbe, BioRad) and baked for 2 h at 80 "C. Prehybridization was for 8 h at 50 "C in 3 x SSC (1 x SSC is 0 . 1 5~-NaC1,0-015 M-sodium citrate) containing 50 mM-sodium phosphate buffer (pH 6.5), 10 x Denhardt's solution [ 1 x Denhardt's solution is 0.02 % (w/v) Ficoll, 0.02 % (w/v) polyvinylpyrrolidone, 0.02 % (w/v) bovine serum albumin), 0.1 % (w/v) SDS, 100 pg sheared salmon sperm DNA ml-' and 26% (v/v) formamide. The DNA was denatured at 100 "C for 10 min.
The hybridization to 32P-labelled 23s rRNA was done for 17 h under the same conditions with the exception that the concentration of the phosphate buffer (pH 6.5) was reduced to 25 mM and 2 x Denhardt's solution was used.
After hybridization, the filters were washed twice in 2 x SSC (pH 7-0) containing 0.1 % (w/v) SDS for 15 min each and twice in 0.1 x SSC (pH 7-0) containing 0.1 % (w/v) SDS for 30 min each at 50 "C. Before rehybridization the probe DNA was removed from the membrane as recommended by the manufacturer. [denatured by alkali treatment according to Chen & Seeburg (19891 were spotted onto Zeta-Probe membrane using a Minifold (Schleicher and Schuell) filtration manifold and fixed by baking for 2 h at 80°C. The prehybridizations and the hybridizations to the 32P-labelled probes were done under optimal conditions (25 "C below the melting point of the probes) using the same solutions as for the dot hybridization (see above). For the calculation of the melting point the equation of Meinkoth & Wahl (1984) was used.
RESULTS
Cloning of a 23s rRNA gene A recombinant plasmid designated PAR1 ( Fig. 1) was obtained by cloning a 23s rDNAcontaining, PstI restriction fragment from M . luteus DNA. It was characterized by restriction analysis and hybridization experiments with 32P-labelled 23s rRNA, 16s rRNA and 5s rRNA from M . luteus. The cloned fragment was 7500 base-pairs (bp) in length and contained a 23s rRNA gene, a 5s rRNA gene and the major part of a 16s rRNA gene. 
represents vector pHE3
Subcloning of 23s rDNA fragments and screening of their specijkity by phage dot hybridization Plasmid PAR1 (Fig. 1 ) was digested with SmaI and the resulting fragments were separated by agarose gel electrophoresis. The 3.2 kb fragment containing most of the 23s rRNA gene was recovered from the gel and digested with various restriction enzymes (AccI, CfoI, HpaII, Tag1 and Sau3A). The resulting 40-400 bp fragments (length checked by agarose gel electrophoresis) were ligated with compatible phage vectors M13mp8 digested with AccI or BamHI or AccI and BamHI.
In dot hybridizations of the recombinant phage supernatants to 32P-labelled 23s rRNAs of various prokaryotes, one of them hybridized to all 23s rRNAs tested, with the exception of the archaebacterial rRNA. Sequence determination of the insertion of this recombinant phage (pAR5) revealed that it comprised two restriction fragments of the 23s rRNA gene, one TaqI fragment (1 15 bp) and one HpaII-CfoI fragment (67 bp) cloned in M13mp8 digested with AccI.
Subcloning of 23s rDNA fragments and selection of spec@ probes by sequence comparisons Subcloning of the cloned 23s rRNA gene of M . luteus in the vectors pTZl8R and pTZ19R and sequence determination of the cloned fragments enabled us to select cloned fragments with a definite degree of sequence conservation that might be appropriate for specific probes. This was elucidated by comparing the sequence of the 23s rRNA gene of M . luteus (Regensburger et al., 1988) with published 23s rRNA sequences. Two cloned fragments representing variable regions of the gene designated pAR27 (127 bp) and pAR28 (99 bp) and one cloned fragment representing a highly conserved region of the gene (pAR17,472 bp) were selected. Fig. 2 shows the sequences of the cloned fragments. The homology values between the probes and the corresponding regions of some published 23s rRNA gene sequences are shown in Table 1 .
Screening of the hybridization probes
The specificity of the 32P-labelled hybridization probes was determined by dot hybridization (Kafatos et al., 1979) to the chromosomal DNAs of representatives of most of the main phyla of eubacteria and archaebacteria. The results are listed in Table 2 . Fig. 3 shows autoradiograms of the same membrane after hybridization to different probes.
The recombinant phage PARS hybridized to the 32P-labelled 23s rRNAs of eubacteria but not to the archaebacterial ones and showed the same specificity when used as a labelled probe itself. The universal probe pARl7 hybridized to all eubacterial and archaebacterial chromosomal DNAs tested. pAR27 hybridized under optimal conditions to the chromosomal DNAs of all micrococci and arthrobacters studied and also to DNAs of some other Grampositive bacteria. However, under stringent hybridization conditions (not shown in Tables 2 and  Fig. 3) only DNAs of representatives of the genera Arthrobacter and Micrococcus gave a positive hybridization reaction with pAR27 and none of the other strains studied. pAR28 represents a very specific DNA probe that only hybridized to the DNAs of M . luteus and the closely related M . lylae.
DISCUSSION
Specific probes are required for definitive results in dot blot experiments. This could be expected of those regions of a 23s rRNA gene of which the sequence is not only homologous to the corresponding regions of the chromosomal DNAs of those bacteria that are to be detected, but also only moderately homologous to the corresponding regions of the chromosomal DNAs of other bacteria that are to be excluded. The hybridization conditions that we applied detected only organisms sharing at least 80% sequence homology. DNAs with lower homologies did not hybridize.
The first approach to obtain probes of various specificities was achieved by shotgun cloning of a cloned 23s rRNA gene and by selecting subcloned fragments with a certain specificity by phage dot hybridization. By this method a eubacterial specific DNA probe (PARS) was obtained. Sequence determination and comparison with published 23s rRNA sequences revealed that the insertion in PARS represented a conservative region of the gene with a homology of more than 80% for eubacteria and only 63% for archaebacteria (Table 1) . It only hybridized to DNA of eubacteria. To separate archaebacteria from eubacteria by a positive hybridization signal, a corresponding DNA probe specific for archaebacteria is still needed.
A direct subcloning of regions of the gene with a known degree of sequence conservation seemed to be more convenient for the construction of specific DNA probes than the random shotgun cloning technique used for the construction of PARS. However a prerequisite for this approach is the knowledge of the sequence of the 23s rRNA gene of the organism from which these fragments are to be isolated and also the existence of usable restriction sites for cloning. We also stipulated that the region of the 23s rRNA gene should have a high degree of sequence homology (at least 80%) to that group of organisms for which it should be specific.
The largest, coherent, universal stretch of the 23s rRNA gene is present in the insertion of the recombinant plasmid PAR1 7 that produced positive hybridization signals with the chromosomal DNAs of all eubacteria and archaebacteria tested. Using this universal probe it was possible to estimate the amount of filter-bound chromosomal DNA that is accessible to a hybridization reaction. Therefore a correction of the hybridization results with the more specific probes could be done. False negative results, based upon failure of binding of the chromosomal DNA to the filter or inaccessibility to a hybridization reaction, were excluded by control hybridizations using pAR17. This universal probe can also be used for screening for 23s rRNA genes, thus making the difficult isolation of the homologous 23s rRNAs unnecessary.
The plasmid pAR27 not only hybridized under optimal conditions to the DNAs of all representatives of the genera Arthrobacter and Micrococcus that were studied, but also to two brevibacteria, two cellulomonads, Corynebacterium michiganense, Stomatococcus mucilaginosus, a few streptomyces and even Streptococcus pyogenes. However, the reactions clearly depended on the hybridization conditions applied. Stringent conditions (20 "C below the melting point of the probe) resulted in increased specificity. In this case only the chromosomal DNAs of closely related bacteria belonging to the genera Arthrobacter and Micrococcus (SAB > 0.7) hybridized to the probe (data not shown).
The DNA probe pAR28 hybridized exclusively to the chromosomal DNAs of M . luteus and M . lylae.
23s RNA genes are, as the results of the present study show, a reservoir for the construction of DNA probes of various specificities. It has been demonstrated that it is possible to isolate not only DNA probes specific for closely related bacteria ( S A B > 0.83) but also for distantly related organisms (SAB 0-1 and 0.2).
We are grateful to Drs Klenk, Markl, Reichenbach, Stackebrandt, Stetter and Zillig for providing us with cells or DNAs from various organisms. This work was sponsored by grants from Deutsche Forschungsgemeinschaft and Fonds der Chemischen Industrie.
